Influence of starvation for methionine and other amino acids on subsequent bacterial deoxyribonucleic acid replication. J. Bacteriol. 92:609-617. 1966.-A study has been made of the subsequent replicative fate of deoxyribonucleic acid (DNA) synthesized during amino acid starvation by several multiauxotrophic strains of Escherichia coli. Using radioisotopic and density labels and a procedure whereby total cellular DNA is analyzed, we have confirmed and extended a recent report that the DNA made during amino acid starvation behaves anomalously during subsequent DNA replication. When 5-bromouracil (BU) serves as the density label, 40% or more of the DNA synthesized during starvation will subsequently fail to replicate during three cell generations. Selective amino acid effects were noted. In two methionine-requiring bacteria, methionine deprivation appeared to be of singular importance in influencing the subsequent replicative fate of the DNA made in its absence.
tion. J. Bacteriol. 92:609-617. 1966 .-A study has been made of the subsequent replicative fate of deoxyribonucleic acid (DNA) synthesized during amino acid starvation by several multiauxotrophic strains of Escherichia coli. Using radioisotopic and density labels and a procedure whereby total cellular DNA is analyzed, we have confirmed and extended a recent report that the DNA made during amino acid starvation behaves anomalously during subsequent DNA replication. When 5-bromouracil (BU) serves as the density label, 40% or more of the DNA synthesized during starvation will subsequently fail to replicate during three cell generations. Selective amino acid effects were noted. In two methionine-requiring bacteria, methionine deprivation appeared to be of singular importance in influencing the subsequent replicative fate of the DNA made in its absence.
When a non-BU density label (N'5, CG') was utilized, the effects of amino acid starvation were less obvious. Although the DNA synthesized during complete amino acid starvation in a methionine-requiring E. coli was subsequently more slowly replicated, most of the DNA was finally duplicated during three generations of growth. If methionine was present during starvation for other required amino acids, the subsequent replication rate of the DNA synthesized during this time was more nearly normal, and complete replication was observed. The results have been interpreted as indicating that DNA synthesized during amino acid starvation, and especially during methionine starvation, is somehow altered, and that BU substitution for thymine may interfere with the restoration of such DNA to its replicative state.
A number of investigations have established that incubation of auxotrophic bacteria in the absence ofrequired amino acids eventually results in a cessation of deoxyribonucleic acid (DNA) synthesis (2, 3, 4, 10, 15) . It has been generally concluded that a block in protein synthesis is responsible for this response (3, 4, 10, 11) . A current interpretation of these findings is that those chromosomes actively undergoing synthesis at the time of amino acid withdrawal finish their replication but fail to initiate a subsequent round of duplication (11) . Lark, Repko, and Hoffman (12) presented evidence that the DNA replicated in the absence of amino acids in Escherichia coli strain 15T-(555-7) was abnormal in that it was subsequently replicated at a slower rate than DNA synthesized during full nutritional supplementation. We have investigated the subsequent replicative fate of DNA made during amino acid deprivation, and have found that a portion of this DNA is apparently never replicated when 5-bromouracil (RU) is employed as a density label. In this paper, evidence is presented to support this conclusion, and it is also shown that methionine deprivation during DNA synthesis plays a unique role in influencing the quantity of DNA which will be subsequently replicated. In addition, a synergistic interaction has been observed be-BILLEN AND HEWITT tween the effect on subsequent DNA replication of amino acid deprivation and BU substitution for thymine.
MATERIALS AND METHODS
The method for studying replication of the chromosome during various growth conditions involves selective radioisotopic and density labeling of cellular DNA. The details of the method used have been previously described (6) .
Several methods of DNA density labeling were used. Cells were grown in medium with BU substituted for thymine or in medium containing C"3-glucose and N16H4Cl, or with both modifications. Parental and progeny DNA were distinguished by virtue of their difference in density when analyzed by densitygradient equilibrium centrifugation in CsCl.
Bacterial growth. The bacteria employed in these studies were thymine-requiring, multiauxotrophic E. coli 15T-derivatives: 555-7, requiring methionine, arginine, and tryptophan; T-A-U-, requiring arginine and uracil; and TAU-bar (derived from 555-7 by R. Wax), requiring arginine, methionine, tryptophan, uracil, and proline. The supplements, when used, were added in the following concentrations: thymine, 20
,ug/ml; methionine, 30 jug/ml; arginine, 38 jug/ml; tryptophan, 14 ,ug/ml; proline, 30 jug/ml; and uracil, 30 jug/ml. To prepare cells in the exponential phase of growth, a small inoculum obtained from a nutrient agar slant supplemented with thymine was added about 20 hr before the beginning of the experiment to a minimal salts-glucose medium [MS medium (3)1 containing appropriate supplements. When a cell population of 108 per milliliter was obtained, the culture was held overnight in a refrigerator. A sufficient inoculum to provide 0.5 X 107 to 107 cells per milliliter was then added to fresh medium, and growth continued until the population reached ='7 X 107 per milliliter. Plating established that [for E. coli 15T-(555-7)] the cells were in exponential growth with a mean doubling time of about 45 min.
Changes of media were accomplished by collecting cells on 15-cm filters (type B-6; Schleicher & Schuell Co., Keene, N. H.), washing with a minimal salts medium minus glucose warmed to 37 C, and then resuspending the cells into the desired medium.
Density labeling procedure. Cellular DNA was density labeled by substitution of BU for thymine in the MS medium or by growth for eight or more generations in N'5, C'3 modified medium C (16); 0.1% N'3H4C1 was substituted for 0.2% N'4H4Cl, and 0.1% C'3-glucose (40 moles per cent C'3) was used as a carbon source.
DNA extraction. Samples of 20 to 25 ml (5 acid (EDTA), pH 8.1, and 100 jig of lysozyme (Worthington Biochemical Corp., Freehold, N.J.), the suspension was lysed by a quick freeze and thaw. After incubation at 37 C for 10 min, pronase (100 lAg Calbiochem) was added, and incubation was continued for an additional 10 min. This procedure results in fragmentation of the chromosome into several hundred "pieces" (6) . At least 98% of the total cellular DNA bands at appropriate densities after centrifugation in CsCl (6) .
Density gradient equilibrium sedimentation. Crude lysates (about one-third of the total sample) were mixed with CsCl solution (z pH 7.2) to give a density of approximately 1.71 g/cc. Sedimentation equilibrium was obtained by centrifugation at either 33,000 rev/ min for 45 hr or 29,000 rev/min for 65 hr in a SW 39 rotor of a Spinco model L2 ultracentrifuge. Five-drop fractions (two-drop fractions in N16, C'3 experiments) were collected directly onto Whatman paper discs by puncture of the bottom of the Lusteroid tube which contained the formed CsCl gradient. The acid-insoluble radioactivity was determined by placing the discs in liquid scintillation fluid (from Packard Instrument Co., La Grange, Ill.; 25 times concentrated liquid scintillator) and counting in a Packard Tri Carb Scintillation Spectrometer. The amount of H3 and C'4 radioactivity in each fraction was calculated by the discriminator-ratio method formulated by Okita et al. (14) . Constants were obtained from C'4-or H3-labeled DNA standards counted in the same way. The density of various gradient fractions was estimated by measurement of the refractive index, and in several instances was confirmed by the use of reference DNA.
Description of experiments. As several nutritional shifts are involved in each experiment, the protocol is described for each one. For ease of description the DNA synthesized during amino acid deprivation will be symbolized as -aa-DNA without regard to which or how many required amino acids were omitted during its synthesis.
RESULTS
Subsequent replication ofDNA synthesized by E. colilST (555-7) in the absence ofrequired amino acids. In preliminary experiments designed to "align" the bacterial chromosomes by amino acid deprivation, we observed, as had Lark, Repko, and Hoffman (12) , that the DNA synthesized during amino acid deprivation (-aa-DNA) behaved anomalously in regard to its subsequent replication. Our initial results suggested that the peculiar behavior of such DNA was not solely due to a slower rate of replication, but resulted from a chromosome population, part of which contained portions of DNA that could not be duplicated. This suspicion was confirmed by an experiment in which the DNA made during amino acid deprivation was density labeled by BU, and the replication of this heavy DNA was subsequently followed in a thymine-containing medium (Table 1) . Density gradient analysis of the extracts from these cells allowed separation of the BU-containing DNA fragments from non-BU substituted DNA. If the replication is assumed to be semiconservative (13) , that portion of the H3-labeled DNA replicated in BU will band at a density of 610 (5), whereas the unreplicated DNA will remain at its normal buoyant density of 1.710 g/cc.
As observed earlier (10), more than half of the original DNA was replicated during amino acid deprivation, as seen in the distribution of the parental DNA (H3-labeled) between the BUcontaining fragments (heavy) and the fragments of normal density (Fig. 1 , B and C, left side). During deprivation, about 70% of the DNA was replicated.
The presence ( Fig. 1 , C) or absence ( Fig. 1, B ) of methionine during deprivation did not markedly influence the quantity of DNA replicated during this time.
A portion of the DNA replicated during nutritional deprivation (H3-heavy) was not duplicated when the treated cells were suspended in a complete medium and incubated for an additional 2.5 hr (Fig. 1 , B and C, right side). Incubation for longer than 2.5 hr gave essentially the same result (data not shown). When the cells were starved for all three amino acids, 44% of such DNA remained unreplicated ( Fig. 1, B) , whereas if methionine was present 25% remained unreplicated ( Fig. 1, C) . During a 2.5-hr incubation, three generations of log-phase growth were observed after a lag of approximately 30 min for prestarved cells grown both with and without methionine (Fig. 2) .
As a control, exponentially growing cells were shifted into a BU-containing fully supplemented medium for 30 min, and the replicative fate of the DNA synthesized during this period was studied. During the incubation with BU, about 70 % of the DNA was replicated (Fig. 1 Test of subsequent replicative fate of DNA synthesized prior to amino acid starvation. Since a portion of the DNA made during incubation in the absence of required amino acids was nonreplicable, it was of interest to determine the fate of DNA made just prior to "unbalanced" growth. Unlabeled cells grown in the presence of amino acids were "pulsed" with IP-thymidine (IP-TDR) for 3 min (IP-DNA), the population was divided, and shifted to a C'4-thymine-containing medium from which methionine, tryptophan, and arginine, or tryptophan and arginine, had been omitted ( Table 2) . Replication of the two types of DNA was then followed by density label. Figure 3 shows the subsequent replication kinetics of the If-DNA made prior to amino acid deprivation, and Fig. 4 presents the percentage of C1'4-DNA (-aa-DNA) subsequently replicated. In both instances, there is a lag of approximately 20 min before DNA replication begins. This lag induced by prior starvation is consistently observed for this strain of E. coli (4, 12) . The IP-DNA is initially replicated at a near-normal rate, which then slows down. Little replication occurs after 150 min (data not shown). The final quantity of IH-DNA replicated is dependent on whether methionine was present during amino acid deprivation. If methionine was present during deprivation, then >80% of the IP-DNA was subsequently replicated (Fig. 3, curve A) Table 2 . The replication data were obtained by CsCl gradient analysis ofcell lysates, as described in the text and in Fig. 1. replicated (Fig. 3, curve B) . A similar fate is observed for the C'4-DNA (-aa-DNA), except that less of this DNA is finally replicated, being about 50% for the DNA synthesized in the absence of methionine (Fig. 4, curve B) .
In other experiments in which the cells were C14-thymine-labeled both during log growth and amino acid starvation, and subsequent replication was followed in BU medium for 2 hr, about half of the DNA remained unreplicated (data not shown).
Role ofmethionine in nutritional modification of Table 2 . The replication data were obtained by CsCI gradient analysis ofcell lysates as described in the text and in Fig.1 .
DNA. The preceding data show that in E. coli 15T-(555-7) the rate and extent of replication of -aa-DNA is altered. The alteration is to the replicative function of DNA, and its development will be considered to have arisen by nutritional modification without defining, for the moment, the target modified (see Discussion). The presence of methionine during the deprivation of tryptophan or arginine reduces the quantity of nonreplicative DNA by about half. The effect of deletion of the other amino acids was next studied to determine whether methionine played a specific role in the formation of this particular DNA. A series of experiments was carried out with various combinations of methionine, tryptophan, and arginine provided during amino acid-deficient growth (Table 3) . These 25% of the -aa-DNA failed to replicate. When tryptophan and arginine were present but methionine was deleted, nonreplicative DNA was somewhat reduced (36%; experiment 1633, Table 3 ). When arginine or tryptophan only was added, then, respectively, 39 and 36% of the -aa-DNA was not replicated [ Table 4 , strain 15T-(555-7)]. Thus, it appears that, although the presence or absence of arginine and tryptophan has some slight effect on the replicative fate of -aa-DNA, the major influence is that of methionine starvation.
Influence of amino acid starvation on replicative fate of DNA in other amino acid-requiring E. coli strains. Using the procedure described in Fig. 1, we tested 15T-derivatives for the influence of amino acid starvation on the subsequent replication of DNA. Results from this study with E. coli T-A-U-and T-A-U--bar are presented in Table  4 . Again, omission of all the amino acids (including methionine), which are required by TA-U--bar for growth, results in 44% nonreplicative DNA. The presence of methionine in the absence of the other amino acids reduces this to 16%.
However, the presence of all of the other three amino acids reduces the effect of methionine omission such that only 20% is not subsequently replicated. The single omission of each of the other three amino acids had a varying effect. It would appear that with E. coli T-A-U--bar, the presence of tryptophan, arginine, and proline has a sparing effect on the methionine-induced modification.
Omission of arginine and uracil had some influence on subsequent DNA replication (17% not replicated) in E. coli T-A-U. This quantity of nonreplicative DNA was somewhat less than that found for E. coli 15T-(555-7) when methionine was present during its starvation (22 to 25%; see Table 3 ).
Colony-forming cells during amino acid deprivation. In many of the experiments, cell viability was determined during starvation. It was consistently observed that, under all conditions, there was an increase in cell number during the first 30 min of starvation, followed either by a plateau or slight decline, depending on whether methionine was present or absent during starvation. Since our plating is normally carried out by the glass-rod spreading technique on minimal-agar plus appropriate supplements, we were concerned lest the drop in viable cells seen during methionine deletion was the result of a cell fragility revealed by the plating method. To test for this, simultaneous platings were made by (i) the soft-agar pour plate method, (ii) spread plating on nutrient agar, or (iii) spread plating on minimal agar. The results shown in Fig. S show that the plating technique did not affect the results and that there was about a 20 % decline in viable-cell number from the peak value obtained when methionine was deleted.
Synergistic effects of BU incorporation. The DNA doubling time in exponentially growing E. coli 15T-(555-7) increases from .40 to -I655 min when cells are transferred from thymine-to bromouracil-containing medium. In our current studies, it had been observed that incorporation of BU into DNA under balanced growth conditions for less than one doubling time did not noticeably affect the ability of such DNA to be subsequently replicated (Fig. 1, A) . However, the possibility was considered that a combination of amino acid deprivation and BU incorporation could lead to a BU-enhanced inability of such DNA to be subsequently replicated. Consequently, N'5 and C13 isotopes were employed as DNA density labels and thymine was used throughout. A shift from the "heavy" to the "light" medium had no untoward influence either on growth or DNA replication of control cells. The DNA of E. coli 15T-(555-7) grown for many generations in N'5, C'3 medium had a buoyant density of 1 hybrid (first generation progeny) DNA could be adequately resolved in preparative density gradients by centrifugation at 29,000 rev/min for 60 hr (Fig. 6 ).
The procedure for analysis of the replicative fate of N15 C13-DNA is given in Table 5 . Analysis of the distribution of the C'4-DNA (synthesized during full supplementation) or IP-DNA (synthesized during amino acid starvation, hmethionine) showed that by 120 min all of the DNA had been replicated if methionine had been present during amino acid deprivation (Table 6 ). In addition, the rate of replication was close to normal (24% of C'4-DNA remained unreplicated at 60 min), taking into account the 20-min delay in initiation of DNA synthesis following amino acid starvation. However, if methionine had been omitted, then .15% of both C14-and IP-DNA remained unreplicated at 180 min ( > three cell generations). In two additional experiments (not shown), less than 10% of such DNA remained unreplicated at 180 min. Analysis of DNA distributions at 60 and 120 min poststarvation revealed the rate of replication to be slower than that found with cells grown with methionine (Table 6 ).
DISCUSSION
In bacterial cells, the disassociation of DNA synthesis from synthesis of protein or RNA, or both, obtained either by selective inhibition, such as by chloramphenicol (3), or by deprivation of required amino acids (2, 3, 10, 15) , has been used to formulate a hypothesis which states that chromosome replication continues to completion in the absence of protein synthesis (11) .
It has been tacitly assumed that such chromosome completion is normal. However, Lark, Repko, and Hoffman (12) showed that the DNA BILLEN AND HEWITJC made during amino acid deprivation by E. coli 1ST-(555-7) behaved abnormally in its subsequent replication behavior. These investigators observed that DNA made during starvation was subsequently more slowly replicated (BU was used as a density label to follow replication in a complete medium). In addition, -40% of such DNA remained unreplicated at the end of 2 hr of incubation in the BU-containing medium. Our findings confirm these results with E. coli 15T-(555-7) and extend them to strains T-A-U--bar and T-A-U-. On the basis of the failure of A40% of the -aa-DNA to be replicated during three subsequent cell doublings in E. coli 15T-(555-7) and T-A-U--bar, we conclude that such DNA is unique in that a portion of it cannot undergo replication under the conditions imposed by the experimental method.
The results of the experiment (Fig. 3) in which a portion of the DNA was isotopically "pulse" labeled immediately preceding amino acid deprivation, show that even that portion of the chromosome made during complete amino acid supplementation is consequently affected by the shift to an amino acid-deficient medium, in that only a portion of this DNA is subsequently replicated. These results differ from those of Lark, Repko, and Hoffman (12) , who observed, in a similar experiment, the subsequent apparently normal replication of DNA isotopically labeled just prior to amino acid deprivation. We have no explanation for this discrepancy. However, our findings in this regard may be best explained conceptually by assuming that a portion of the exponentially growing cells in our experiments contain chromosomes with multiple replication sites. Thus, a portion of the "pulse" label would undergo replication during amino acid deprivation. Those "pulsed" regions not replicated during deprivation would be expected to replicate in a normal manner. In fact, the replication of the "pulse" DNA does start at an apparently normal rate after return to complete medium (Fig. 3) . This occurs independently of the presence or absence of methionine during the starvation treatment. However, the rate of synthesis is seen to slow down and finally stop. Thus, the "pulse"-DNA behaves as if composed of two populations in terms of its subsequent replication.
This explanation would also account for our consistent finding that, during-amino acid deprivation, a 55 to 80% increment in DNA [as determined either by density labeling with BU (Table  6) or by C14-thymine incorporation] is observed. Further investigation bearing on this matter is planned.
The use of BU as a density label is essential for maximal manifestation of the effects of amino acid deprivation. For E. coli 15T-(555-7), the replicative behavior of -aa-DNA was quite similar if the RU was substituted for thymine either during amino acid deprivation (Fig. 1 , Tables 3 and 4) or only during subsequent growth (Fig. 4 and Table 3 ). However, if a densitylabeling system such as N15, C13 is used, thymine can be used throughout the experiment. Under these latter conditions, -aa-DNA responds in a more normal way during subsequent replication if methionine was present during starvation, whereas complete amino acid deprivation still produces anomalous DNA, although the effect is reduced. These results lead to the conclusion that at least a portion of the DNA made during amino acid deprivation differs in replicative ability from that made during balanced growth in a complete medium. RU toxicity may be potentiated by these changes. If nutritional modification of replicative ability involves changes in the DNA itself, the "altered" DNA may require "repair" in order to be restored to the replicative state, and BU may interfere with this process. In this regard, the specificity of methionine deletion in promoting the formation of the anomalous DNA requires special mention. The effect of methionine starvation on DNA provides an effect which cannot be abolished by avoiding BU incorporation (Table 6 ). In addition to the role of methionine in protein synthesis (which it shares in common with the other amino acids), methionine also serves as the methyl donor for transmethylation of DNA (9) and ribonucleic acid (7) in bacteria. Methionine is also a specific precursor in the biosynthesis of the polyamines (e.g., spermine and sperimidine), which are ubiquitous in nature and are found in relative abundance in E. coli (17) . We are unable to describe the mode of action of the methionine effect. However, it has been found that the DNA made in the absence of methionine during amino acid starvation is subsequently rapidly methylated upon the addition of the required amino acids, including methionine, before DNA synthesis recommences (Billen, unpublished data) . These preliminary studies wiU be extended to determine whether an abnormal transmethylation of the -aa-DNA takes place upon restoration to a fully supplemented medium. A possible role of methylation in host-induced modification of phage has been suggested (1, 8) . It is not improbable that methylation of cellular DNA is also involved in regulation of its replicative function. 
